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during this experiment demonstrated that the formation of the SBI is initiated by a rapid cooling at the surface followed by a steady
columnar cooling and subsequent growth of the SBI depth overnight.
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1.1. The basics
Steep, surface-based inversions (SBI) are common
in the valleys of interior Alaska due to the frequent
occurrence of thermodynamically stable air masses in
the lower levels during wintertime, which in turn are
caused by the large negative net surface radiationreserved.
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Winter in high-latitudes brings low-solar angle condi-
tions such that, on many days, shortwave downwelling
radiation never exceeds upwelling longwave radiation.
This allows a persistent negative net radiation balance
situation at the surface, resulting in a continuous
temperature decrease, which is propagated up into the
lowest levels of the atmospheric boundary layer (ABL)
(Wendler and Jayaweera, 1972). If the prevailing syn-
optic conditions dictate weak pressure gradient forces
(resulting in low wind) then the air density gradient
becomes strong enough that the lower levels (below
w1000 m Mean Sea LeveleMSL) become decoupled
from the rest of the troposphere. Under these condi-
tions with low winds and a negative surface radiation
balance, a SBI will develop. The top height of the
temperature inversion is often defined to be the point at
which the temperature begins to decrease with height.
A major influential factor in the formation of the
high latitude SBIs is the presence of negative net ra-
diation at the surface (Bradley et al., 1992). Inversion
top height typically reaches several hundred meters
above ground level. The difference in temperature
between the ground surface and the top height of the
inversion can approach 30 C over a distance of a few
hundred meters. These strong temperature gradients
within the inversion layer are common in the sub-arctic
region (Bradley et al., 1992).
The temperature gradient and height of the SBI are
a function of various factors, including low level
clouds and their physical properties, local boundary
layer moisture and the presence of IR absorbing gases
(i.e. CO2, CO, H2O), surface and upper level winds,
heat flux from snowpack (Wexler, 1936; Hogan and
Ferrick, 1997), longwave radiation divergence, low
solar angle (Wendler and Nicpon, 1974), and topog-
raphy. Clouds and moisture play the most important
role in the short term (hours to days) to alter the ra-
diation budget of the atmosphere (Andre and Mahrt,
1981), by their capacity to affect shortwave and long-
wave radiation transfer (Kahl et al., 1992). During
winter at high latitudes the net radiation reaches rela-
tively large, negative values (w20 Wm2) and, with
low level shortwave radiation available to reverse
surface cooling, inversions become susceptible to
winds that can weaken or destroy them. Strong winds
operating at the synoptic scale can cause large-scale
horizontal advection of warm, relatively moist air
masses, which can dissipate the SBI by increasing
longwave downwelling radiation. Winds at the meso-
scale, such as weak jets which develop above a strong
thermal gradient, even if relatively weak (w3 ms1),can cause downward mixing of warmer air situated
aloft into the inversion layer (Stull, 1988). Meso- and
regional-scale winds, when at the surface, can also aid
formation of an SBI. Simulations performed using a
one-dimensional nocturnal boundary layer model by
Estournel and Guedalia (1985) suggest that, even in the
presence of weak winds, a stable layer can continue to
thicken during the night if the negative radiative
cooling is strong enough, even in the presence of up-
ward divergence of infrared radiation (Estournel and
Guedalia, 1985).
Surface boundary layer evolution is controlled by
various spatial and temporal scales of variability, a fact
that has been recognized for many years e Cermak
(1971) comments on the need to introduce surface
vertical and spatial heterogeneity to more realistically
account for lower-atmosphere evolution. Despite this,
there remains a lack of understanding of SBI formation
in particular at locations where thermal radiation
divergence is strong and persistent, such as in northern
regions. An important problem stemming from this is
the resulting, consistent warm bias in forecasts of
surface air temperature. This is one of the major
challenges for computer models and weather fore-
casters in northern or inversion-prone regions. For
example, computer forecasting models can be biased
by þ15 C or more at the surface when conditions favor
the formation of a stratified SBI in interior Alaska
(Morton, 2009). This is in part due to the factors listed
above, but also due to the poor ability of weather
models to accurately predict inversion conditions under
quasi-laminar flows in the lower ABL at representative
scale resolution (Molders and Kramm, 2010).
1.2. Previous research
Previous work on SBIs in Interior Alaska and the
broader sub-arctic/arctic region has focused largely on
the classification of inversion patterns. Tilley and
Weatherby (2001) focused on modeling the inversion
during the ideal clear and calm weather conditions,
while Hartmann and Wendler (2005) discuss the di-
rection of winds in Fairbanks which give a persistent
(77% of the time annually) formation of the SBI. It was
found that the mean height of wintertime inversions is
520 m, with an average 11 C from top to bottom of the
inversion layer over a pressure span of 65 hPa
(Hartmann and Wendler, 2005). Other work has
considered SBI decay e Pepin et al. (2009) found that
the thermal radiation divergence is great enough that,
once winter has set in, the only way an SBI can be
broken is through a change in synoptic conditions.
Fig. 1. Topography of the central Alaska Interior. Higher elevations
are designated by brown and lower elevations are designated by
green. Fairbanks is designated by the black dot. The lowland areas of
the Tanana Valley (south of Fairbanks), Minto Flats (west of Fair-
banks), and the Yukon Flats (northeast of Fairbanks) are visible
(National Elevation Dataset for Alaska (USGS), National Weather
Service Fairbanks).
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utilized the only consistent and long-term historical
observational dataset available for inversion studies:
profiles of temperature, humidity, pressure, wind speed
and wind direction obtained by radiosondes launched
twice a day at standard times e 15:00 AST and 03:00
AST. (Note: 03:00 AST launches as seen in the stan-
dard NOAA radiosonde database for all upper air sta-
tions are actually launched at 02:00 AST, therefore in
this paper, what is considered as the standard 03:00
AST launch is shown as 02:00 AST, the actual time of
launch).
1.3. Surface-based temperature inversions in Fair-
banks, AK
Fairbanks, Alaska, located at 64.84 N, is situated at
the north end of the broad Tanana River Valley and is
surrounded on three sides (north, east and west) by
hills of approximately 500e700 m meter elevation.
When radiation and synoptic conditions are suitable
that is e clear and calm e cold pools of air masses
form within the valleys and on the north sides of
mountains. Such is the frequency of these conditions
that a SBI is present in Fairbanks approximately 64%
of the time during the winter months in a recent
evaluation from January 2000 to February 2009
(Mayfield and Fochesatto, 2013). When the SBI forms,
airborne particulate matter from combustion processes
is trapped. This results in a significant increase in
pollution concentration in Fairbanks, often exceeding
Environmental Protection Agency (EPA) standards.
These particulate concentrations impose health risks to
local residents. With a growing population and rising
fuel prices driving an increasing use of poor-efficiency
woodstoves and wood boilers in the Fairbanks region,
air quality forecasts are becoming more important to
the residents of the area.
Model surface temperature prediction at different
elevations in the middle Tanana Valley demonstrate
that, under conditions of clear skies and calm winds,
valley locations will be substantially colder than the
hills. This thermal contrast disconnects the flows in
the ABL from the free troposphere. Fig. 1 shows a
topographic map of the Fairbanks area, and Fig. 2
illustrates an example of this thermal pattern using
an infrared (IR) satellite image for the same area
indicated in Fig. 1. In this IR image the “cold bowl”
of Fairbanks is strongly contrasted with the warmer
hills surrounding the city. The low level cooling
feature is also clearly evident in the Yukon
Flats, northeast of Fairbanks. In such cases, localtopography, in the form of gravity-driven density
flows, dominates the surface atmosphere when the
pressure gradient force is weak, making accurate
model representations of these thermodynamic fea-
tures difficult. This in turn impacts the strength of the
inversion forecasted by the US National Weather
Service. This study’s goal is to evaluate the effects of
solar radiation, snow covered surfaces and low-level
winds on the surface-based temperature inversion
between the standard twice-daily launches provided
by the US National Weather Service in Fair-
banks, AK.
1.4. The surface-based temperature inversion and
snowpack
During the spring/autumn seasons, a major shift in
the pattern of high and low temperature occurs as the
snowpack disappears/forms (Stevens, 2009). For this
study, this time of year has been defined as the
“transition season” to indicate the time of the year
when the amount of radiation changes rapidly (i.e. the
daylight increases or decreases a significant amount,
by up to 7 min per day). For example, the day length
increases from 13.5 h on April 1e17 h by April 30.
The presence of a snowpack can modify the surface
Fig. 2. Infrared satellite image of Fairbanks area during a clear night. Fairbanks is designated by the black dot. Gray designates areas of
warmer temperatures and blue designates colder air (Polar Operational Environmental Satellite infrared image, February 2003, National
Weather Service Fairbanks).
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latent heat fluxes, albedo, and surface emissivity
(Walsh et al., 1985). The snowpack has a higher al-
bedo than bare ground, therefore reflecting a greater
proportion of incoming shortwave downward radia-
tion. In these high-latitude cases, the main effect of
snow on the strengthening of the SBI is that the
presence of snow cover keeps the inversion from
breaking during the daytime due to blockage of
shortwave radiation absorption.
During the spring transition season the winter
snowpack still exists in Fairbanks, but, despite its
presence, rapidly increasing solar elevation and day
length eventually combine to create daily incoming
radiation totals large enough to cause large diurnal
fluctuations. This positive energy balance breaks the
inversion during the day, thus confining the SBI to
the nighttime period after approximately March 15.2. Methodologies
In order to capture details of the temporal evolution
of the SBI formation, additional radiosonde launches
were conducted in Fairbanks every two- to three-hours
during a series of seven case-study periods. Study pe-
riods were chosen when specific, non-advective syn-
optic conditions, featuring clear skies and very low or
nonexistent winds were present. Study period launches
supplemented regular launches conducted at the 03:00
and 15:00 AST standard observing times. Launches
were organized into seven detailed case studies for
Fairbanks, Alaska. A single case study represents one
afternoon-night-morning time cycle during which the
additional radiosondes were launched from the NWS-
NOAA station PAFA (70261) near Fairbanks Interna-
tional Airport. In addition, for some of the case studies,
co-located acoustic sounding profiling was also
28 J. Malingowski et al. / Polar Science 8 (2014) 24e39performed to determine the evolution of the ABL at
20 m vertical resolution and 15 min temporal profiling.
Dates of case studies are displayed as one date for
simplicity of reading. Each case study encompasses
part of the day before; i.e. February 24th begins the
evening of the 23rd (in AST) and continues through the
night into the morning of the 24th.
Two broad time frames were chosen for this study e
spring 2009, between the months of February and May,
and fall 2009, between the months of September and
November. January and February, the coldest part of
the winter, were not selected because during this time,
the only factor which will break the inversion in the
sub-arctic region is a change in synoptic conditions or
a small scale circulation (e.g., drainage flow) close to
the mountain slopes. Case study dates were selected to
examine the evolution of the formation of the SBI
linked to night duration, and surface cover. Once the
rational for the broader time frames was established,
specific case study days were selected on fairly short
notice when weather forecasts called for clear and calm
conditions.
2.1. Instrumentation
Two different types of radiosonde systems were
used in this study: the Vaisala RS-80, providing an
average data resolution of 16 data points below 500 m,
and the Sippican MKII GPS, providing an average data
resolution of more than 100 data points below 500 m.
The Vaisala radiosondes were used for the spring 2009
set of launches, and in summer 2009, the National
Weather Service upgraded its equipment to the Sippi-
can MKII GPS radiosonde, effective after September
2009. The Vaisala RS-80s vertical resolution translates
into one datum every 6 s, or approximately every 30 m,
depending on the balloon’s rate of ascent. The Sippican
MKIIs recorded vertical resolution translates into one
datum several times per second, or approximately
every 4e5 m. Although sampled at coarser vertical
resolution, the February (Vaisala) soundings were still
fully able to capture the main elements of the inversion
lifecycle necessary for this study.
A Doppler acoustic sounder, Remtech PA-2 (here-
after called SODAR), was collocated with the radio-
sonde system at NWS-NOAA station PAFA (70261)
for a period of time in the winter 2010e2011. The
SODAR works at the central frequency of 2 kHz and
consists of a monostatic antenna of 196 speakers
mounted in a square section of w1.7 m2. The antenna
is switched sequentially between emission and recep-
tion modes and background noise is measured andsubtracted automatically. The acoustic backscattering
is measured at 20 m resolution and 15 min integration
periods, starting at 20 m above ground and continuing
upward. The sound wave time-of-flight back to the
antenna indicates the height at which the backscatter
occurred. This intensity depends on the turbulent
structure of the ABL and, due to the instrument’s
monostatic configuration, is only sensitive to the ther-
mal structure of turbulence ðC2TÞ depicting the ABL
structure in great detail (Holmgren et al., 1975; Neff,
1975; Brown and Hall, 1978; Neff and Coulter, 1988;
Coulter and Kallistratova, 2004). Following Beyrich
and Weill (1993) the top height of the SBI layer can
be calculated processing the SODAR backscatter pro-
files ðC2TÞ by searching for the 50% decayed intensity
of the backscatter pulse after the maximum of thermal
turbulence intensity, for the cases where the inversion
top height is above the 50 m minimum instrumental
range.
2.2. Methodology for inversion retrieval
Seidel et al. (2010) reviewed and assessed the
methodologies and uncertainties in retrieving the ABL
heights at 505 stations dispersed at various, global
locations, and used the top of the SBI as one way to
indicate the height of the ABL. The presence of an
identifiable SBI top is a reliable indicator of the
occurrence of a stable atmospheric boundary layer
(Seidel et al., 2010). The Seidel et al. methodology was
used to identify the height of the top of the SBI, and
define the thickness of the stable atmospheric boundary
layer, however, the methodology was challenged by the
sometimes non-trivial structures found within the SBI.
Temperature profiles in the interior of Alaska can
exhibit one or more complex slope changes, indicating
the combined presence of stratified, isothermal, and
inversion layers. The occurrence of multiple layers is
especially prevalent near the land surface. These
layers, when observed from the radiosonde profile,
may present inversions typically classified as non-
relevant because it is argued that they might be over-
ridden by the eventual intra-day variation (Kahl, 1990;
Serreze et al., 1992).
In this experiment, we demonstrate by means of this
high-resolution radiosonde combined with Doppler
SODAR measurements during the Winter Boundary
Layer Experiment (Wi-BLEx) that these inversions and
stratified levels are important and constantly present
when favorable environmental conditions exist.
Therefore, a numerical procedure was developed by
Mayfield and Fochesatto (2013) to determine the
Fig. 3. Schema identifying the temperature at the surface (Tsfc), the
top of the stratified layer (Hstr), and the top of the inversion layer
(Hsbi).
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stratified and inversion layers and those layers
embedded in between (e.g., isothermals). With the
purpose of identifying these layers, the temperature
profile was assimilated into to a mathematical structure
composed of a piecewise linear function established
using an iterative numerical routine. The numerical
routine minimizes the following error expression:
ε¼
TðzÞ 
X
k
mk$zþ bk
 ½1Table 1
Summary of the meteorological conditions during the Experiment at the N
Alaska USA.
Date, time (UTC/AST)
and # launches
Strongest surface wind
during observation
window
Ceiling
development?
(SCT or more)
2/24/200916:00e10:00
AST7 launches
2.1 m/s (22:00e23:00 AST) Y (BKN
10:00 AST)
4/5/200919:00e09:00
AST7 launches
2.1 m/s (19:00e20:00,
03:00, 10:00 AST)
Y (BKN
19:00 AST)
4/7/200919:00e09:00
AST7 launches
2.6 m/s (04:00 AST) N
5/1/200919:00e08:00
AST7 launches
2.1 m/s (20:00e21:00,
24:00e01:00 AST)
Y (BKN
19:00e20:00
AST)
10/13/200917:00e10:00
AST7 launches
2.1 m/s (24:00 AST) N
10/15/200917:00e10:00
AST7 launches
1.5 m/s (24:00,
7:00e08:00 AST)
N
11/21/200917:00e11:00
AST 7 launches
1.5 m/s (17:00e18:00,
20:00e22:00 AST)
Nwhere T(z) is the temperature profile, k is the number of
layers retrieved, and the parameters mk and bk are
function fitting. The convergence is controlled by the
error fraction, calculated as the largest singular value of
ε that reproduces inversions and stratified layers with an
error difference of less than 1% and a gradient threshold
larger than 0.1 C/100 m. This numerical method does
not introduce new points in the fitting process. It only
uses the original points of the temperature profile and
rather reduces the number of points according to the
proposed error whenever the slope is below the gradient
threshold. As a result, the temperature profile is now
transformed into a data-structure containing the rele-
vant thermodynamic characteristics of thermal layers
found in the profile. The height of the top of an inver-
sion layer is considered as the height where the tem-
perature gradient changes from being positive upward
to negative upward. The top of a stratified level is
defined as the height where changes in the thermal
gradient occurred preserving the positive sign (Fig. 3).
The relevant atmospheric processes will be discussed in
Section 4.1.
3. Results: timings and details of radiosonde
launches
Of the seven case studies, four of them took place in
spring and three in autumn (Table 1). Spring launch
dates included one in late February, two in mid Aprilational Weather Service, Fairbanks International Airport, Fairbanks,
Minimum
temperature
reached at
PAFA (C)
Snow
depth
(in)
Hours after
sunset when
min temp
was reached
Hours
before
sunrise
when
min temp
was reached
Max
incoming
radiation
Wm2
Max
solar
angle
22 21 11 3 255 16
21 25 9 1 548 31
16 25 10 0 568 32
3 0 7 2 750 41
3 0 10 4 257 17
8 0 14 0 251 16
36 7 13 5 23 5
30 J. Malingowski et al. / Polar Science 8 (2014) 24e39and one in early May. The solar inclination angles
during the spring experiment ranged from about 16
maximum solar angle (Feb.) to just over 40 (May).
The maximum incoming solar radiation ranged from
about 150 Wm2 to nearly 700 Wm2, facilitating
comparison of the surface-based temperature inversion
at different points during the transition season. Autumn
launches included two in mid-October and one in mid-
November; maximum solar angle ranged from 5
(Nov.) to 17 (Oct.) and maximum incoming solar ra-
diation ranged from 22 Wm2 to 255 Wm2. Snow
cover was present for 4 of the 7 case studies.
3.1. 24 February 2009 case summary
The temporal evolution of temperature on February
24th supports the hypothesis that the temperature
inversion cools with height as the surface temperature
reaches a minimum value. A notable cooling of the
vertical profile with time maximizes just above the
surface (near 75 m) between the 02:00 AST and 06:00
AST launches (Fig. 4), as winds remain calm (0e2 m/
s).
The 24 February case study also provided insight
into the influence of winds and their ability to alter the
thermal structure in lower layers. A wind episodeFig. 4. Vertical structure of the SBI development post-sunset February 24,
time until a minimum temperature is reached. The atmosphere cools verticwithin the first 1000 m of the profiles produced a
discernible effect on the vertical temperature structure.
A short-duration event was apparent on the 19:00 AST
launch, as indicated by a pronounced wind speed
maxima at the height range from 150 tow750 m AGL
(Fig. 4). Although of short duration, the 22:00 AST
profile shows a warming layer from about 50 m AGL
to 225 m AGL and a very thin layer of cooling below,
likely due to the wind speed maxima. The mechanism
occurring with this warming layer can be attributed to
the formation of a local-scale jet and subsequent
downward mixing of warm air, as discussed in the
Introduction.
3.2. 5 April 2009 case summary
During 5 April case study, a wind speed maximum
is apparent around 500 m AGL, which shows an in-
crease in speed over the period spanned by the 5:00
and 7:00 AST launches (Fig. 5). The surface temper-
ature dropped 6 C in 2 h after 23:00 AST. This is one
of the largest 2-h drops observed in the experiment. As
seen in the previous case on the 24 February, the lowest
surface air temperature occurred between 5:00 and
7:00 AST right above the surface. The surface tem-
perature never did cease to decrease, but continued2009. Sunset e 0250 UTC. The surface temperature decreases with
ally after as is seen in the 1530 and 17 UTC data.
Fig. 5. Vertical structure of the SBI development post-sunset on April 5, 2009. Sunset e 19:55 AST.
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up the surface.
3.3. 7 April 2009 case summary
During the 7 April case study, the surface temper-
ature decreased rapidly immediately after sunset, and
once the surface temperature cooled, the inversion
layer began to deepen with height as the longwave
upwelling radiation cooling proceeded (Fig. 6).
The profile reached its coldest surface temperature
of the evening during the 7:00 AST launch. The three
launches near or after sunset at 20:01 AST verified
very similar vertical profiles above the inversion top
height. Winds above the surface level were nearly
nonexistent on 7 April. On 7 April, the temperature
profile above 600 m AGL remains consistent over the
entire series of radiosonde launches, likely due to the
low wind speed (Fig. 7). A cooling process above the
surface occurs between the 5:00 and 7:00 AST
launches. The influence of a short period of increased
wind was noted at the 2:00 and 5:00 AST launches,
both of which exhibited large temperature drops in the
0e400 m AGL elevation region coincident with the
zone of wind speed maxima observed at these times.
The processes observed make the case for higher fre-
quency of launches, because of the important thermalstructures that develop at the time of formation and
breakup of the SBI.
During this set of balloon launches it should be
noted that there are similarities and differences to the
5 April launches, which have an almost identical
amount of incoming solar radiation, being only two
days apart. Similar to the 5 April launches, the
inversion during 7 April did not reach a state of
equilibrium at the surface as seen in the 24 February
launches, but instead continued to cool until the
surface longwave radiation loss ceased after sunrise
(Fig. 7). Similar to 5 April, a cooling process above
the surface occurs between the 5:00 and 7:00 AST
launches. In this case, the surface also has cooled a
few degrees during the time frame, unlike the previ-
ously described case on 5 April.
3.4. 1 May 2009 case summary
A characteristic of the 1 May launches was the
striking consistency and rapid rates of cooling between
the surface and 800 m AGL over almost the entire
period of record (Fig. 8), rather than recording cooling
at the surface first then propagating upwards with
height. This is most likely due to an important warm-
ing which occurred during the day from near-
summertime shortwave radiation. On 1 May there
Fig. 6. On left: SBI height vs time (AST); On right: SBI top temperature (top line per color) vs time (AST) and surface temperature (bottom line
per color) vs time (AST).
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midday which resulted in significant surface warming,
consequently increasing the upwelling longwave radi-
ation that follows after sunset.Fig. 7. Vertical structure of the SBI development posThe set up and erosion of the SBI during the case
study of 1 May is represented by a strong diurnal cycle
that cannot be compared with the rest of the cases due
to summertime incoming solar radiation and a veryt-sunset on April 7, 2009. Sunset e 20:01 AST.
Fig. 8. Vertical structure of the SBI development post-sunset on May 1, 2009. Sunset e 21:19 AST.
33J. Malingowski et al. / Polar Science 8 (2014) 24e39long length of day. These launches do not exhibit the
surface temperature reaching a minimum during the
night and remaining the same as the inversion deepens
in height as seen in previous launch dates. The tem-
perature profiles in the free troposphere above the top
height of the inversion layer for the 04:00, 06:00, and
08:00 AST launches are very similar. In the 08:00 AST
launch it should be noted that, as the incoming radia-
tion warms the surface, a very noticeable elevated
inversion still exists even though the surface inversion
has deteriorated.
3.5. 13 October 2009 case summary
This case shows a similar pattern to the April 7th
case study, where the temperature decreases rapidly
right after sunset (17:38 AST), and once the air mass
in the inversion layer cools close to the minimum, the
top height of the inversion layer begins to become
higher in the atmosphere as the longwave upwelling
radiation cooling proceeds in time. This deepening is
weak for this case study (Fig. 9) compared to earlier
case studies. It is important, to note that there is a
different temporal interval between these launches
(a 5 h gap between the 21:00 and 02:00 AST
launches), and unlike the mainly 2 h time gap be-
tween launches, which indicates slower temporal at-
mospheric cooling.3.6. 15 October 2009 case summary
This case shows a different profile than the one pre-
sented previously (13 October). It exhibits a much larger
surface temperature fluctuation between daily highs and
lows (Fig. 10). This is likely due to having three
consecutive days of clear skies and calm weather con-
ditionsemaximizing incoming solar radiation each day
which promotes surface warming during the daytime
period. The surface warming during the daytime period
introduces an important amount of energy stored at the
surface which would have to be released after sunset to
try to reach equilibrium with the cooler parts of the
adjacent vertical atmosphere column. The wind profiles
for 15 October 2009 indicate the presence of advection,
with a wind maximum around 1200 m AGL during the
19:00 AST, 21:00 AST, and 02:00 AST launches. The
levels at which these wind maxima occurred are coin-
cident with the levels at which the temperature profile
decreased less rapidly during the night (i.e. at about 50m
AGL from 02:00 to 06:00 AST), further strengthening
the hypothesis that winds inhibit the cooling of the at-
mospheric profile post-sunset due to turbulent mixing.
3.7. 21 November 2009 case summary
Advective processes may be playing a role in this
case, given the strength of the winds near 600 and
Fig. 9. Vertical structure of the SBI development post-sunset on October 13, 2009. Sunset e 17:38 AST Sunrise e at 07:36 AST.
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high above the surface for the scale of this study,
vertical transport or warm advection above the inver-
sion could play a role in affecting the inversion. ItFig. 10. Vertical structure of the SBI development post-sunset on Oappears the surface temperature decreases after sunset
with a similar structure to the 1 May launches, but the
atmospheric structure above the inversion remains
isothermal likely due to the enhanced wind abovectober 15, 2009. Sunset e 17:27 AST. Sunrise e 07:45 AST.
Fig. 11. Vertical structure of the SBI development post-sunset on November 21, 2009. Sunset e 15:28 AST. Sunrise e 09:48 AST.
35J. Malingowski et al. / Polar Science 8 (2014) 24e39150 m through the night. This final case study is unique
of the others because daytime incoming shortwave
radiation magnitudes are so low in November in inte-
rior Alaska.
4. Discussion and conclusions
4.1. Formation of SBI and the stratified layer
Here we consider the following variables: surface
temperature, SBI top inversion height, vertical gradient
of temperature and depth of the first stratified layer
(Table 2). Each radiosonde was considered after the
SBI was formed, or in other words at the first radio-
sonde where it was present. The first stratified layer
that forms close to the surface will be the one
responding to the changes in the cooling rate of the
surface. This layer will acquire a certain depth. If the
inversion layer does not have multiple microscale
layers (multiple inversion layers with a neutral lapse
rate in-between), then the depth of the SBI is the depth
of the stratified layer close to the ground. However, in
the process of forming the SBI and as the cooling
proceeds in time, the formation of stratified layers as
product of the surface cooling can be verified. Later,
when the SBI tries to grow it will need to spend energy
incorporating adiabatic layers, immediately above, intodiabatic. This means that mixing in the stratified con-
ditions needs to occur. In other words, to grow, the SBI
“grabs the air mass from upper levels and put them
downward into the stratified zone”. This process is
reflected by the existence of a neutral layer separating
e often times by more than 100 m thickness e the
stratified layer below from the adiabatic cold layer
above. Table 2 illustrates the evolution of the main
parameters after the SBI was formed, based on the
surface temperature, the top height of the SBI, the
surface layer stratification [dT/dZ], and the depth of
the stratified layer.
The results gathered during these 42 individual
radiosonde launches for seven case studies present a
suite of information about the structure, evolution, and
thermodynamics of the SBI formation and breakup
during transitions in the ABL diurnal cycle at high
latitudes. Although each case study presents a unique
record due to variability introduced by the incoming
solar radiation and snow cover, several generalizations
emerged which provide new insights into the formation
of the SBI in terms of these variables. Overall, for each
of the seven case studies, the minimum surface tem-
perature is reached at sunrise, or just before sunrise, as
depicted in Table 2. During 5 of 7 case studies, the
surface temperature drops the fastest within the first
hours after sunset (3 C/hr to 6 C/hr). The
Table 2
SBI top height, surface temperature evolution and surface layer
stratification. First column indicate the radiosonde data, second col-
umn is the launching time in UTC, third column is the surface tem-
perature in [C], fourth column is the height of the SBI in [m] AGL,
the fifth column is the surface layer stratification in [C/100m] and the
sixth column is the depth of the stratified layer [m] when the SBI is
stratified.
Launch Time TSFC [
C] HSBI [m] dT/dZ
[C/100 m]
Hstr (m)
23-Feb-09 16 7.1 136 0.95 N/A
23-Feb-09 19 13.1 226 3.05 N/A
23-Feb-09 22 16 183 5.9 N/A
24-Feb-09 2 19.3 362 3.78 73
24-Feb-09 6 19.6 488 2.68 237
24-Feb-09 8 19.5 672 2.82 516
24-Feb-09 10 14.6 854 0.94 735
4-Apr-09 19 5.7 172 0.29 120
4-Apr-09 21 7.4 63 2.7 N/A
4-Apr-09 23 11.9 245 1.6 107
5-Apr-09 2 18.3 231 3.85 35
5-Apr-09 5 20 261 3.56 115
5-Apr-09 7 19.1 471 1.74 N/A
5-Apr-09 9 12.6 167 1.31 63
6-Apr-09 19 1.1 138 0.5 123a
6-Apr-09 21 4.5 253 2.1 219a
6-Apr-09 23 7.9 145 5.9 N/A
7-Apr-09 2 10.8 132 7.5 N/A
7-Apr-09 5 14 206 4.7 94
7-Apr-09 7 12.4 340 2.4 123
7-Apr-09 9 6.8 170 1.1 173
30-Apr-09 19 22.8 e e N/A
30-Apr-09 21 16.7 113 2.7 N/A
30-Apr-09 23 11 113 5.7 138
1-May-09 2 6.4 168 5.1 95
1-May-09 4 0.7 405 3.3 N/A
1-May-09 6 3 384 2.8 73
1-May-09 8 8.4 598 0.7 N/A
12-Oct-09 17 6.6 26.3 2.3 N/A
12-Oct-09 19 1.6 84 6.1 N/A
12-Oct-09 21 0.9 200 3.6 67.9
13-Oct-09 2 2.6 297 2.1 87
13-Oct-09 6 3.9 430 1.9 47.6
13-Oct-09 8 4 416 2 70
13-Oct-09 10 0.1 463 1 19
14-Oct-09 17 3.8 33.4 9 N/A
14-Oct-09 19 2.1 125 6.3 76.7
14-Oct-09 21 3.4 233 3.5 113
15-Oct-09 2 6.2 366 2.3 198
15-Oct-09 6 8.2 505 1.5 87
15-Oct-09 8 8.5 756.4 1 72
15-Oct-09 10 3.1 520 0.2 66
20-Nov-09 17 26.3 105.7 6.3 108
20-Nov-09 20 28.2 130 6 133
20-Nov-09 23 30.6 151 6.4 143
21-Nov-09 2 34.5 334 4.2 332
21-Nov-09 5 32.7 380 3.1 382
21-Nov-09 8 33.1 568 2.2 450
21-Nov-09 11 31.9 462 2.5 465
a Denotes the stratified layer is capped of a thin isothermal layer.
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initial cooling pulse at the surface. An exception to this
result is represented by the two cases on 1 May and 21
November, which did not have the most significant
surface temperature drop at the beginning of the night
immediately after sunset. The case of 1 May initiates
after extreme daytime heating at the beginning of the
case study, and 21 November is a time of year when
there is very little solar radiation to warm up the sur-
face during the short day, therefore the sun setting did
not introduce major contrasting factors in terms of
temperature changes. However it can be concluded that
the minimum surface temperature was reached in a
time lapse ranging between 7 and 14 h after sunset,
with an average of 10.6 h after sunset (Table 1). Fig. 6
displays the deepening of the inversion with time
through the night until sun rises the next morning.
According to this data, all of the launches show a
similar pattern in that the temperature of the top of the
SBI remained near isothermal on the top as the
inversion deepened with height through the night.
When the rate of cooling provided by the high
resolution temperature profiling is analyzed, it appears
on two launches (24 February and 13 October) that the
surface cooling is interrupted, indicating that in the
condition of the experiments, a radiative equilibrium
has been reached giving the origin to a minimum
surface temperature during the diurnal cycle between
2:00 and 8:00 AST (Fig. 6).
The April 7th case result shows the influence of
short-lived changes in near surface winds on propa-
gating a surface cold pulse upward into the atmosphere
and this result could not be empirically obvious by
analyzing the vertical profile under the standard tem-
poral resolution of 03:00 and 15:00 AST weather
balloon launches.
4.2. Sodar profiling of the SBI: comparison to
radiosondes
Continuous SODAR profiling allows the vertical
structure of the ABL to be examined in great detail at
20 m resolution, within the limits of the maximum
height the instrument can reach during the extreme
condition in interior of Alaska. One case was selected
on 15 October where radiosonde and SODAR profiles
are coincident. Fig. 12 displays the acoustic sounding
profiles integrated over 3 h previous to the radiosonde
launches at 21:00, 2:00, 6:00, 8:00 and 10:00 AST on
15 October. Table 3 illustrates the comparison between
the height of the SBI retrieved by SODAR and that of
the closest radiosonde after applying the methodology
Fig. 12. Sodar vertical profiles of the coefficient of thermal turbulence structure C2T . The vertical resolution is 20 m and the temporal resolution
15 min. Each profile results in a 3 h accumulation of acoustic soundings. Top panel left represent the series of profiles from 12:00 AST of 14
October to 15:00 AST 15 October. Top central panel correspond to the period of time from 15:00 AST 15 October to 18:00 AST 15 October. Top
right panel represents the period of time form 18:00 AST 15 October to 21:00 AST 15 October. Low panel left is the 00:00 AST 15 October to
03:00 AST 15 October and low panel right corresponds to the period from 03:00 AST 15 October to 06:00 AST 15 October.
37J. Malingowski et al. / Polar Science 8 (2014) 24e39described previously. It was found that the SBI height
based on both the SODAR instrumentation and radio-
sondes were within 50 m of one another. Table 3 in-
dicates convergence of both instruments in indicating
the height of the SBI with the exception of the profile
representing 21:00 AST due to the poor signal to noise
ratio. It is clear that the high resolution of SODAR
profiling allow determination of the fine thermal
structure of the ABL. This is seen in the slope changes
of the thermal turbulence profile C2T indicative of the
presence of stratified layers.Table 3
Comparison table between height of the SBI determined by radio-
sonde system and sodar profiling. First column indicate the radiosonde
launch time in UTC time. Second column is the height of the SBI
retrieved by the radiosonde. Third column is the retrieved height by
sodar.
14e15 October 2009 HRAOBS [m] HSodar [m]
21:00 233 230
02:00 366 370
06:00 505 470
08:00 756 530a
10:00 520 490
a Out of range for the sodar profiler.4.3. Conclusions
This dataset represents a detailed examination of the
temporal evolution of the SBI driven by radiational
cooling at a sub-arctic location during the spring and
autumn seasons. Several important observations
resulted from this study.
The growing of the SBI (i.e. thickening vertically) was
found to occur only after the surface temperature con-
verges to aminimum temperature. Thismeans that during
the ABL transition two cooling regimes have been iden-
tified: one is a transient cooling to reach the surface
temperature minimum and the second is a steady state
columnar cooling in which the boundary condition at the
surface somehow remains in equilibrium as a result of
moving the upper boundary thickening the air mass
within the SBI searching for the equilibrium point be-
tween radiation exchange and momentum. These condi-
tionswill act in oppositeways. Ifwinds developovernight
the SBI will be erased and completely mixed down.
When snow cover is present, the vertical cooling
will happen more rapidly because of high surface al-
bedo and the inability of the ground to absorb signifi-
cant amounts of radiation during the day.
38 J. Malingowski et al. / Polar Science 8 (2014) 24e39The presence of short-lived wind pulses can serve to
modify the evolution of the vertical temperature profile
by slowing down heat loss from outgoing radiation
through horizontal mixing or, in other words, “ther-
malizing” the ABL.
For example, on 24 February, the 19:00 AST
launch indicates a warming of the atmosphere above
the inversion, which corresponds well with a wind
increase on the wind profile. Without this wind in-
crease, the data suggests that we would see a cooling
of the profile in this layer of the atmosphere.
Although difficult to discern in comparison with other
launches on the same date due to a poor vertical
resolution of winds, this effect is apparent when
looking at inversion data where there is much better
vertical resolution in wind data (autumn launches)
due to a change in instrumentation. In a case with
higher resolution data, such as the 15 October case,
higher winds (4 m/s) around 50 m AGL suggested a
reduction in the cooling rate, which is not necessarily
reflected in the surface temperature, but slightly
above the surface at 50 m AGL.
These results bear directly on considerations of
climate change impacts on local climates. If the
weather of interior Alaska becomes warmer and more
dynamic, temperature inversions may not be as com-
mon or as steep, as identified in current trends in a
Fairbanks inversion climatology study by Bourne et al.
(2010). From the observational results presented here,
the mechanisms by which climate change may alter
inversion characteristics would come from increasing
downwelling longwave radiation due to increasing
cloudiness and increasing winds.
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